Background: For neonates with critical left ventricular outflow tract obstruction (LVOTO), hybrid procedures are an alternative to the Norwood stage 1 procedure. Despite perceived advantages, however, outcomes are not well defined. Therefore, we compared outcomes after stage 1 hybrid and Norwood procedures.
Current strategies that achieve the objectives of stage 1 palliation for neonates with critical left ventricular outflow tract obstruction (LVOTO) and right ventricledependent systemic circulation include the Norwood operation and a hybrid procedure. Although the Norwood operation accomplishes the goals of stage 1 palliation, it involves major surgical reconstruction and is associated with a physiology characterized by the need for a delicate circulatory balance and increased cardiac demands. 1, 2 Moreover, exposure to cardiopulmonary bypass (CPB), generally with either deep hypothermic circulatory arrest (DHCA) or regional cerebral perfusion, during aortic arch reconstruction can contribute to postoperative hemodynamic instability, morbidity, and mortality. 3 In addition, the early physiological stress imposed on neonates after Norwood operations raises concerns regarding adverse neurodevelopment. 4 The hybrid procedure has emerged as an alternative strategy for stage 1 palliation. 5, 6 In contrast to Norwood operations, the hybrid procedure generally does not require CPB and DHCA or regional cerebral perfusion. Thus, the less invasive hybrid procedure may avoid the physiological instability associated with Norwood operations for stage 1 palliation and may potentially improve survival. 3, [5] [6] [7] In this light, hybrid palliation may be perceived as a lower-risk alternative to Norwood operations, especially for patients considered at high risk for mortality. Although these perceptions exist, the impact of the hybrid procedure on survival relative to Norwood operations remains incompletely defined. 5, 7, 8 The Congenital Heart Surgeons' Society (CHSS) has one of the largest multi-institutional inception cohorts of neonates with critical LVOTO, in which the majority of patients have undergone single-ventricle palliation via either a stage 1 hybrid or Norwood operation. Given the insufficient published evidence comparing outcomes of these strategies, 3, 5, 6, [8] [9] [10] we sought to compare outcomes among neonates undergoing a hybrid procedure with either of the 2 commonly used techniques for establishing pulmonary blood flow (systemic artery-to-pulmonary artery shunt or right ventricle-to-pulmonary artery conduit) and those undergoing a Norwood operation.
METHODS
Between 2005 and 2014, a total of 692 neonates with critical LVOTO were admitted to the 21 CHSS institutions within 30 days of life and were prospectively enrolled in a multi-institution inception cohort (Table E1 ). Inclusion criteria were based on the presence of critical LVOTO in the setting of atrioventricular and ventriculoarterial concordance, such that the LVOTO precluded adequate systemic cardiac output through the aortic valve, with the initial intervention performed at a CHSS institution. The physiological criteria generally resulted in ductal-dependent systemic circulation and the need for early intervention. For 564 neonates (20 institutions; Figure E1 ), the initial management strategy was the Norwood operation with a modified Blalock-Taussig shunt (NW-BT; n ¼ 232; 41%), the Norwood operation with right ventricle-to-pulmonary artery conduit (NW-RVPA; n ¼ 222; 39%), or a hybrid procedure (n ¼ 110; 20%). Although the hybrid strategies lacked procedural uniformity, basic criteria included restriction of pulmonary blood flow with pulmonary artery banding and maintenance of ductus arteriosus patency with either transcatheter stent placement or prostaglandin therapy (Table E2 ). The choice of management strategy (including the initial procedure) was at the discretion of institution physicians.
The primary objectives of the present study included defining overall survival for all 564 neonates after stage 1 single-ventricle palliation, defining end states after stage 1 single-ventricle palliation, and comparing the relative impact on survival between the hybrid procedure and Norwood operation. As an initial step, overall survival was compared among neonates who underwent NW-BT, NW-RVPA, or hybrid without adjusting for additional risk factors. Competing-risks methodology was then used to evaluate survival in the context of the various definitive end states after stage 1 palliation.
To adjust for the potential differences in characteristics among patients undergoing each of these operations, our analysis strategy incorporated 2 methods of risk adjustment, each of which was based on the competingrisks survival model. First, survival was evaluated among all 564 patients as part of a risk hazard analysis, specifically targeted at identifying whether procedure type was a risk factor. Then survival was evaluated between propensity-matched subsets. Neonates undergoing a stage 1 hybrid procedure were matched to neonates who underwent NW-BT and also to neonates who underwent NW-RVPA. The secondary objectives of this study were aimed at identifying risk factors for death other than the type of stage 1 palliation, including morphologic, demographic, and center-related factors. institution and a parent or guardian of each patient annually to ascertain details of clinical history and subsequent investigations and interventions. Admission, diagnostic, and surgical information was abstracted from institutional medical records, echocardiogram reports, and surgical reports as described previously. 11 The median duration of follow-up for all neonates from the date of the initial procedure was 2.2 years (range, 1 day to 8.3 years). For survivors, the median duration of follow-up was 3.9 years (range, 1 day to 8.3 years), and data were complete for 79% of the patients within 1 year of the last annual follow-up. For the surviving patients who did not have data within 1 year of the last annual follow-up (21%), the median duration of follow-up was 3.3 years (range, 15 days to 7.7 years).
Data Acquisition and Follow-up

Statistical Analysis and Presentation
Demographic, diagnostic, and procedural information before stage 1 palliation were included as baseline variables and handled as described previously. 11 Measurements of cardiac dimensions were standardized as z-scores on the basis of published normative data, if available, or otherwise indexed to height or body surface area (BSA). 12 Missing values were estimated using multiple imputation, 13 and final variable selection was guided by bootstrap resampling (Appendix E1).
14 Continuous variables were compared with the Kruskal-Wallis test, using Wilcoxon rank scores or Student's t test. Frequencies for categorical variables were compared using a c 2 test of independence or Fisher's exact test as appropriate. Data are summarized as mean AE standard deviation (SD); as equivalent 15th, 50th (median), and 85th percentiles; or as frequency and percentage. Data analyses were performed with SAS version 9.2 (SAS Institute, Cary, NC).
Survival analysis. Survival was first evaluated from the date of stage 1 surgery to the date of death, with neonates otherwise censored at the last-known date of life (ie, overall survival). Survival was then evaluated in the context of mutually exclusive end states (competing risks).
Although definitive palliation for the majority of neonates after stage 1 palliation includes staged reconstruction culminating with the Fontan/ Kreutzer (Fontan) operation, a minority of neonates undergo an alternative definitive repair, including transplantation or biventricular repair. As such, there are multiple events ''competing'' with the event of interest (death), each of which is associated with a unique hazard function that potentially influences the hazard for death. 15 In addition, the hazard for death after definitive repair (ie, Fontan, transplantation, or biventricular repair) is associated with an inherent hazard that is unrelated to stage 1 palliation. To adjust for the associated hazard functions related to these alternative end states, we evaluated survival in the context of competing risks, such that neonates were censored at a definitive repair operation, defined based on the separation of systemic and pulmonary circulation. 16 By doing so, our analysis leads to a more accurate estimate of the proportion of patients who actually experience the event of interest. 17 Kaplan-Meier estimates of time to event were constructed and then used to create parametric, multiphase hazard models for transition to various end states 18 (for additional details, see http://www.lerner.ccf.org/qhs/software/ hazard/). Using these parametric models, univariate and multivariable risk hazard analyses were conducted for all 564 neonates, neonates in the propensity-matched hybrid-NW-BT subset, and neonates in the propensity-matched hybrid-NW-RVPA subset (see Appendix E1 for further details).
Propensity-score matching. Propensity-score matching was used to adjust for potential differences among neonates who underwent NW-BT, NW-RVPA, and hybrid procedures (Appendix E1). 19 Each propensity score incorporated demographic, morphological, and functional baseline characteristics into a multivariable logistic regression model that provided the probability of a given patient belonging to one group versus the other group. 19, 20 Two separate propensity scores were generated to match neonates between hybrid and NW-BT and between hybrid and NW-RVPA ( Figure E2 ). Subsequently, survival was evaluated between each matched subset using parametric methods. Additional information regarding statistical techniques and patient characteristics before and after propensity matching (Table E3) is provided in the Appendix E1.
Center and era effect on survival. To adjust for estimated center volume and distribution of procedures per center, variables tested as independent risk factors for death included the (1) total number of reported procedures per center, (2) absolute number of reported procedure type per center, (3) percentage of reported procedure type per center, and (4) individual centers. The potential ''era effect'' was evaluated as a continuous variable using the date of operation and by stratifying era 
RESULTS
Compared with the neonates who underwent NW-BT or NW-RVPA, those who underwent a hybrid procedure were significantly older at stage 1, had lower birth weight, had a higher prevalence of important baseline right ventricle dysfunction, and tended to exhibit an increased prevalence of significant baseline tricuspid valve regurgitation (Table 1) . They also had a lower prevalence of aortic atresia and mitral valve atresia.
Survival
Overall survival. The overall mean unadjusted survival for all 564 patients, irrespective of final end state, was 65% AE 2% at 4 years. The unadjusted 4-year survival was significantly better after NW-RVPA (73% AE 3%; P<.001) compared with NW-BT (61% AE 3%) and hybrid (60% AE 5%) procedures (Figure 1 ). Competing risks: Survival without definitive repair. Independent of time, 183 children underwent a Fontan operation, 34 received a heart transplant, and 18 underwent biventricular repair. In addition, 176 children died before definitive repair could be performed. By 6 years, 7% AE 2% of patients had undergone transplantation; 4% AE 1% had transitioned to biventricular repair; 50% AE 3% had undergone a Fontan operation; 32% AE 2% died before undergoing Fontan, transplantation, or biventricular repair; and 7% AE 2% were alive at last follow-up without reaching a definitive end state (Figure 2 ). Risk factors for death included initial procedure type, smaller ascending aorta, aortic valve atresia, and lower birth weight ( Table 2 ). In a multivariable risk-adjusted comparison, 4-year survival without having achieved a definitive repair remained significantly better after NW-RVPA (76% AE 2%; P ¼ .001) compared with NW-BT (60% AE 4%) and hybrid (61% AE 4%) (Figure 3 ). Propensity-matched survival: Hybrid (n ¼ 88) and NW-BT (n ¼ 88). Propensity-matching between neonates who underwent a stage 1 hybrid or NW-BT procedure resulted in 88 matched pairs (20 variables; c-statistic, 0.76). Survival at 4 years was similar for the hybrid and NW-BT groups (62% AE 5% vs 57% AE 5%; P ¼ .58) (Figure 4, A) . Among propensity-matched neonates, additional risk factors for death included a smaller ascending aorta and lower birth weight ( Table 2) .
Propensity-matched survival: Hybrid (n ¼ 81) and NW-RVPA (n ¼ 81). Propensity matching between neonates who underwent a stage 1 hybrid or NW-RVPA procedure resulted in 81 matched pairs (17 variables; c-statistic, 0.77). Survival at 4 years was significantly better in the NW-RVPA group compared with the hybrid group (75% AE 5% vs 59% AE 5%; P ¼ .008) (Figure 4, B) . Additional risk factors for death in these patients included a lower birth weight and smaller left ventricular outflow tract ( Table 2) .
Impact of Low Birth Weight on Survival
For the entire cohort, as well as for the matched-pair comparisons, lower birth weight had a strong association with poor survival. Incremental changes in birth weight were associated with a larger change in the magnitude of survival relative to additional risk factors for death. There was also a nonlinear relationship between birth weight and survival. For all patients, an approximate threshold of 2.0 to 2.5 kg was associated with increased decrements in survival ( Figure 5, A) . In addition, there was a significant interaction between birth weight and hybrid procedures, such that the magnitude of decrement of survival was not as large for neonates with lower birth weight who underwent a hybrid procedure compared with those who underwent NW-BT or NW-RVPA ( Figure 5 , B). This finding suggests that hybrid procedures may offer a modest survival advantage over NW-RVPA at birth weight <$2.0 kg and over NW-BT at birth weight <$3.0 kg. Of note, among all significant risk factors for death, only birth weight demonstrated a significant interaction with hybrid procedures. Furthermore, birth weight was the sole risk factor in the final multivariable model to exhibit a nonlinear association with survival. Values for baseline morphologic and demographic and procedural characteristics for all 564 neonates stratified by NW-BT (n ¼ 232), NW-RVPA (n ¼ 222), and a hybrid procedure (n ¼ 110). P values were determined using the Kruskal-Wallis test, using Wilcoxon rank scores or Student's t test (continuous variables), and the c 2 test of independence or
Fisher's exact test (categorical variables) and indicate whether a significant difference exists among the 3 groups. NW-BT, Norwood operation with modified Blalock-Taussig shunt; NW-RVPA, Norwood operation with right ventricle-to-pulmonary artery conduit; SD, standard deviation; BSA, body surface area; HLHS, hypoplastic left heart syndrome; TR, tricuspid valve regurgitation; RV, right ventricle; CNS, preoperative stroke, seizure or central nervous system/intracranial hemorrhage. *Includes aortic valve stenosis, hypoplasia, or atresia as primary diagnosis. yIncludes aortic arch coarctation, hypoplasia, or interrupted aortic arch as the primary diagnosis. zP values for outcomes and end states are based on a crude comparison and do not take time to event into consideration.
For each propensity-matched subset, birth weight remained a significant risk factor for death, again demonstrating worse survival at an approximate threshold of 2.5 kg. Therefore, neonates with lower birth weight are at increased risk of death despite having otherwise similar characteristics before stage 1 palliation. This finding further emphasizes the important influence of birth weight on survival for patients undergoing single-ventricle palliation.
Center and Era Effect on Survival
Among 14 centers that enrolled !10 patients, 3 were identified as a significant risk factor for death and 1 was Transition to various competing end states for all 564 neonates after stage 1 palliation. All neonates began alive immediately after stage 1 (time 0) and thereafter remained in this state (black curve) or entered 1 of 4 mutually exclusive end states: transition to Fontan operation (blue curve), heart transplantation (green curve), conversion to biventricular repair (purple curve), or death without definitive repair (red curve). At any point in time the sum of proportions of patients in each end state must be 100%. Solid lines represent continuous parametric estimates, enclosed within dashed 68% confidence bands equivalent to AE 1 standard error; circles represent nonparametric point estimates with corresponding confidence bar equivalent to AE 1 standard error. HTx, Heart transplantation; BVR, biventricular repair. Incremental risk factors for the time-related risk of death without Fontan operation, transplantation, or biventricular repair (competing-events concept) for all 564 neonates after stage 1 palliation, 176 propensity-matched neonates after a hybrid procedure (n ¼ 88) and NW-BT (n ¼ 88), and 162 propensity-matched neonates after a hybrid procedure (n ¼ 81) and NW-RVPA (n ¼ 81). Reliability was determined by bootstrap resampling (n ¼ 500). NW-RVPA, Norwood operations with right ventricle to pulmonary artery conduit; NW-BT, Norwood operation with modified Blalock-Taussig shunt; LVOT, left ventricular outflow tract. *The hybrid procedure variable was manually included in the final multivariable model to determine the impact of hybrid procedures on survival relative to NW-BT and NW-RVPA. yThe inverse transformation of birth weight was used to improve linearity; therefore, the parameter estimate indicates that as the inverse of birth weight increases (or birth weight decreases), the risk of death increases. zA significant interaction was associated with procedure type and birth weight such that there was a disproportionate impact on survival for hybrid procedures resulting in improved survival at lower birth weights. Parameter estimates were determined from multiphase risk hazard analysis and represent the magnitude of a risk factor for death. The parameter estimate for each variable is related to the hazard function, and the polarity of the estimate (negative or positive) describes decreased (negative) or increased (positive) association with each hazard phase (instantaneous risk of an event). In a multivariable hazard analysis, the overall influence on the hazard function is described by the total effect of each estimate in the model. associated with significantly reduced mortality in an unadjusted univariate analysis (Table E4 ). However, in risk-adjusted comparisons, for both the multivariable and propensity-matched analyses, none of the center-specific variables was identified as an independent risk factor for death, including the individual center, the absolute enrolled volume or procedure type per center, the percentage of specific procedures performed at a given center, and the era of operation.
DISCUSSION
In this multicenter study of patients with critical LVOTO undergoing stage 1 single-ventricle palliation, in neonates with lower birth weight, hybrid procedures tended to be associated with improved survival compared with Norwood operations. Although our analysis of baseline characteristics suggests that hybrid procedures may be selected for stage 1 palliation in higher-risk neonates, these procedures might not be a lower-risk alternative for all patients. In all neonates except those of lower birth weight, in whom hybrid procedures tended to be associated with a modest survival advantage, NW-RVPA was associated with the best overall survival.
Previously reported analyses comparing outcomes among hybrid procedures and Norwood operations are limited to single-center reviews or do not distinguish between the source of pulmonary blood flow used for the Norwood operations. 3, 9, 10, [21] [22] [23] Our analysis shows that among all neonates, survival after the hybrid procedure was similar to that after NW-BT but significantly worse than that after NW-RVPA. A plausible explanation for the early differences in survival may be attributed to the various propensity-matched neonates after NW-BT (blue curve) and 88 propensity-matched neonates after a hybrid procedure (red curve), and (B) 81 propensity-matched neonates after NW-RVPA (green curve) and 81 propensity-matched neonates after a hybrid procedure (red curve). A, Independent of time, there were at total of 36 deaths after NW-BT and 27 deaths after a hybrid procedure before definitive repair. B, The difference in survival between NW-RVPA and NW-BT was related predominantly to an increased early (<1-year) hazard (PE ¼ 0.95; P ¼ .008). Thereafter, there was a constant hazard that demonstrated similar low rates of attrition between groups (PE ¼ À1.2; P ¼ .98). Independent of time, there were at total of 18 deaths after NW-RVPA and 29 deaths after hybrid procedures before definitive repair. Each circle represents a death positioned on the vertical axis by the Kaplan-Meier estimator. Vertical bars are the confidence limits equivalent to AE 1 standard error. Solid lines are parametric estimates (PE) enclosed within dashed 68% confidence bands equivalent to AE 1 standard error. Numbers in parentheses are the number of patients at risk at the associated time. PE values were determined from multiphase risk hazard analysis and represent the magnitude of hybrid as a risk factor for death. NW-BT, Norwood operation with a modified Blalock-Taussig shunt; NW-RVPA, Norwood operation with a right ventricle-to-pulmonary artery conduit.
patterns of coronary artery perfusion associated with each operation. 24 Normally, coronary artery perfusion is greatest during diastole. Following NW-BT, however, the lower resistance of the pulmonary circulation compared with the systemic circulation results in continuous forward flow through the BT shunt. [25] [26] [27] The preferential blood flow through the BT shunt, away from the systemic and coronary vascular bed (''diastolic runoff''), is associated with coronary artery insufficiency and decreased myocardial flow reserve and perfusion. 2, 24, 26, 27 In contrast, the physiology after NW-RVPA eliminates the possibility of diastolic runoff away from the coronary circulation and thus potentially results in better myocardial perfusion. 28 A key finding of the Pediatric Heart Network Single Ventricle Reconstruction Trial was the better early (<1 year) transplantationfree survival after NW-RVPA compared with NW-BT (74% vs 64%). 2 The fundamental difference in coronary artery perfusion between NW-BT and NW-RVPA has been speculated to be an important factor contributing to the early difference in survival between these 2 groups.
2,26
The physiology after the hybrid procedure is similar to that after NW-BT, in that there is associated diastolic runoff. Although causality cannot be determined from our results, or from previous reports, it is reasonable to suggest that the similar survival observed after hybrid procedures and NW-BT, and the difference in survival between hybrid procedures and NW-RVPA, are related, at least in part, to the physiology of coronary perfusion for each strategy.
Although there are some similarities in outcomes between our present analysis and the Single Ventricle Reconstruction Trial, there are several important methodological differences. For example, our study was not an intentionto-treat analysis, did not randomize patients, included patients who underwent a stage 1 hybrid procedure, and evaluated different endpoints. As such, we have intentionally avoided drawing specific comparisons between our results and those of the Single Ventricle Reconstruction Trial. However, a recent CHSS publication comparing propensity-matched patients undergoing NW-BT and NW-RVPA demonstrated transplantation-free survival similar to that found in the Single Ventricle Reconstruction Trial, supporting the proposition that coronary perfusion may account for the differences in early survival. 29 In our cohort, the neonates who underwent a stage 1 hybrid procedure had significantly lower birth weight compared with those who underwent a Norwood operation, which likely represents a bias when selecting the type of stage 1 procedure. Previous studies, including the Single Ventricle Reconstruction Trial, have identified birth weight <2.5 kg as associated with an increased risk of death after Norwood operations. 2, 30 Similarly, our study found lower birth weight to be a strong risk factor for death, with an approximate threshold for reduced survival of 2.5 kg, irrespective of stage 1 procedure. Importantly, we found that hybrid procedures mitigated some the risk associated with low birth weight, resulting in a trend toward improved survival for neonates of lower birth weight. The estimated 4-year survival (vertical axis) is plotted against birth weight (horizontal axis). A, For all patients, birth weight had a nonlinear association with survival, such that at birth weight $2.0 to 2.5 kg there was a substantial decline in survival (solid black line). B, The estimated 4-year survival plotted against birth weights, stratified by NW-BT (n ¼ 232; blue curve), NW-RVPA (n ¼ 222; green curve), and hybrid procedure (n ¼ 110; red curve) truncated to fit the range of birth weights for each group. There was a significant interaction between birth weight and hybrid procedures, such that birth weight had a disproportionate impact on survival for hybrid relative to NW-BT and NW-RVPA. Solid lines are parametric estimate enclosed within dashed 68% confidence bands equivalent to AE 1 standard error. Risk factors other than birth weight, and procedure for (B), were held constant at their median or mean value. Risk factors (median value): hybrid, 0.2; NW-RVPA conduit, 0.39; ascending aorta index, 1.8 cm/m 2 ; atretic aortic valve, 0.48; mitral valve z-score, À15; years, 4. NW-RVPA, Norwood operation with right ventricle-to-pulmonary artery conduit; NW-BT, Norwood operation with modified Blalock-Taussig shunt.
Although the threshold for improved survival after hybrid procedures appears to occur at approximately 2.0 kg for NW-RVPA and 3.0 kg for NW-BT, the confidence intervals for each procedure converge at the lower end of the birth weight spectrum. As such, a distinct birth weight associated with improved survival after hybrid procedures relative to NW-BT or NW-RVPA cannot be defined with statistical certainty. Nonetheless, the significant interaction between hybrid procedures and birth weight does provide statistical evidence indicating that the decrease in survival for neonates at the lower end of the birth weight spectrum is less after a hybrid procedure than after NW-BT or NW-RVPA; that is, neonates of lower birth weight who underwent a hybrid procedure exhibited a nonproportional decrease in survival compared with those who underwent NW-BT or NW-RVPA. Therefore, it is reasonable to speculate that as the number of neonates of low birth weight continues to increase, the distinction among the survival curves will become more apparent with subsequent analysis. The immature organ systems of neonates make them especially susceptible to the adverse effects of CPB and DHCA or regional cerebral perfusion. 31 The significant deleterious effects associated with exposure to CBP during the fragile neonatal period appear to be exacerbated among those of lower birth weight and contribute to the early morbidity and mortality after Norwood operations. 3, 4, 32 Conversely, by virtue of delaying exposure to CPB and extensive surgical reconstruction, hybrid procedures achieve the key elements of initial palliation with a theoretically less destabilizing intervention compared with Norwood operations. 3, [5] [6] [7] Given these considerations, it is reasonable to speculate that the improved survival in neonates of lower birth weight after hybrid procedures, particularly among very-low-birth-weight neonates, may be related to the avoidance of the detrimental effects associated with CPB in the neonatal period. However, for neonates without higher-risk characteristics, such as low birth weight, the perceived advantages of the less-invasive hybrid procedure might not be associated with improved survival relative to NW-RVPA.
Although hybrid procedures provide the theoretical advantage of avoiding CPB in neonates, patients who undergo a stage 1 hybrid procedure are more susceptible to complications related to diminished retrograde aortic arch flow secondary to arch obstruction. Specifically, retrograde aortic arch obstruction can jeopardize coronary artery and cerebral perfusion. 33 Despite the fact that our present analysis did not identify a specific relationship between aortic arch obstruction and hybrid procedures, it is reasonable to assume, based on previous analyses, that the increased early attrition after hybrid may be related in part to the effects of retrograde aortic arch obstruction. 33 Neonates who undergo a stage 1 hybrid procedure may be perceived as a higher-risk population than those who undergo a stage 1 Norwood operation. 5, 8, 23, 34 Karamlou et al 23 recently reported that among the 100 institutions enrolling patients into the Society of Thoracic Surgeons Congenital Heart Surgery Database, only 13% of patients underwent a hybrid procedure as initial palliation for hypoplastic left heart syndrome. 23 Furthermore, the unadjusted in-hospital mortality was higher after hybrid procedures compared with after Norwood operations (29.7% vs 15.7%; P < .0001). 23 An important caveat, however, is that their data demonstrated a selection bias favoring the use of hybrid procedures in neonates with more potential risk factors. 23 Similarly, in our series, only 20% of neonates underwent a stage 1 hybrid procedure, suggesting that most institutions are not using hybrid strategies for stage 1 palliation. In addition, the baseline characteristics of the neonates in our series may indicate that hybrid procedures are being used in patients with greater comorbidities.
Our analysis attempted to account for the differences in baseline characteristics among patients using both riskadjusted and propensity-matched survival analyses. Risk factors commonly associated with poor outcomes, including aortic atresia, smaller ascending aorta, and lower birth weight, 10, 35, 36 are consistent with the findings of our risk-adjusted analysis. It is important to note that our riskadjusted analysis did not identify other commonly reported risk factors, such as prematurity and genetic syndromes, as predictors of poor survival. One possible explanation for this finding is that because low birth weight was the among the most robust and strongest predictor of death in our analysis, any correlation between birth weight and other important clinical variables may have overshadowed these variables, rendering them nonsignificant in our risk-adjusted analysis. However, important high-risk comorbidities, including genetic/nonsyndromic abnormalities and circulatory collapse with associated metabolic acidosis and the need for preoperative mechanical ventilation, 5, 8, 34 were adjusted for by propensity score matching. Our present analysis did not identify a significant relationship between enrolled surgical volume and death. Although this is a discrepancy compared with a recent study demonstrating that both surgeon and center volume are associated with outcomes after complex congenital heart operations, 37 it is not without precedent. A previous CHSS analysis evaluated the volume-outcome relationship among 4 distinct subsets of patients, including infants with interrupted aortic arch, those with pulmonary atresia with an intact ventricular septum, those with transposition of the great arteries (TGA), and those who underwent a Norwood operation. Only in infants undergoing an arterial switch operation for TGA was a higher institutional volume found to be associated with improved outcomes. 38 Possible explanations for the discrepancy in these findings are related to the use of an administrative database versus a clinical database and to the decreased enrollment among CHSS cohorts. 31, 38 In addition, because our present study was not an intention-to-treat analysis, we based our inclusion criteria on the initial operation rather than on the institutional diagnosis; however, for the majority of patients the institutional diagnosis was hypoplastic left heart syndrome. Furthermore, given that there was no difference in the number of non-hypoplastic left heart syndrome diagnoses, this was unlikely to have influenced our present analysis.
Our study was subject to intrinsic limitations associated with all observational studies. Although risk-adjusted parametric survival analysis and propensity-matching methodologies are validated statistical techniques, they are limited by data quality and availability and cannot adjust for unrecognized or unmeasured factors. Pertaining to our study, major limitations included (1) a limited ability to identify the impact of center-specific factors on outcomes, (2) the decreased or absent enrollment in certain CHSS institutions, and (3) the heterogeneity of procedures performed among the enrolled centers. Given that submission of data to CHSS cohorts is voluntary, center volume, procedural distribution, and era of operation can only be estimated based on enrollment. Similarly, the lack of enrollment in certain CHSS institutions is an important limitation, and likely contributed to the heterogeneity of procedures performed among the various institutions. Again, this is an intrinsic limitation of any study based on voluntary enrollment and cannot be cannot be accounted for despite our comprehensive statistical strategy. The decreased or absent enrollment in certain CHSS institutions was documented in the recent Society of Thoracic Surgeons Congenital Heart Surgery Database-CHSS database linkage experience, which demonstrated that institutions involved in the CHSS LVOTO cohort study enrolled 34% of eligible patients. 39 However, despite the low enrollment, a crude comparison found similar discharge mortality in CHSS-enrolled and nonenrolled patients (16% vs 15%). Therefore, despite the potential limitations associated with low enrollment, it is reasonable to suggest that our data are generalizable, and that our results are representative of the experience of CHSS member-surgeons.
Hybrid procedures are associated with significant differences in procedural techniques, clinical indications, intended objectives (ie, staged palliation, transplantation, or biventricular repair), and institutional preference and availability. Similarly, the choice of palliative strategy/ pathway is likely associated with a number of complex patient, center, and clinical factors. Although clinical reports were thoroughly reviewed, physician intent was not always discernible and, thus was not incorporated into our analysis. Furthermore, because hybrid procedures avoid CPB and circulatory arrest in the neonatal period, there is the theoretical advantage of limited neurologic insult; as such, the overall benefit of hybrid strategies, or lack thereof, cannot be fully evaluated until sufficient data exist to explore long-term functional and developmental outcomes. Nonetheless, the CHSS understands the importance of identifying the contemporary clinical applications of stage 1 hybrid procedures and is currently obtaining data to investigate this important question.
Despite these limitations, it is reassuring that our results are consistent for both the risk hazard and propensitymatched analyses. Our use of a multilevel statistical approach that incorporated competing-risks methodology and multiple risk-adjustment strategies allows for important inferences to be obtained from the aggregate of our results.
In this current observational study of neonates with critical LVOTO undergoing single-ventricle palliation, NW-RVPA was associated with the best survival to a definitive surgical end state. Although lower birth weight was identified as an important risk factor for death for the entire cohort, the detrimental impact of low birth weight was mitigated, to some degree, for patients who underwent a hybrid procedure. As such, hybrid alternatives appear to provide a survival advantage for neonates with very low birth weight.
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APPENDIX E1. STATISTICAL METHODS Parametric Risk Hazard Analysis
Kaplan-Meier (KM) estimates of time to event were constructed and then used to create parametric multiphase models defining transition to various end states. These models use shaping parameters (mathematical equations) that capture various phases of risk, each of which can be independently subjected to risk hazard regression analysis. E1 (For additional details, see http://www.lerner. ccf.org/qhs/software/hazard.) These parametric models are tested for adequate fit of the underlying data by plotting observed KM estimates (expected) versus the predicted parametric events over time. Therefore, the unadjusted (baseline) parametric model closely matches the KM survival estimates.
After establishing the basic structure of the parametric model, incremental risk factors associated with a defined endpoint can be explored via risk hazard analysis. This process is similar to that of identifying significant variables in other types of regression equations and is described in detail below. Advantages of parametric approaches include (1) analysis of all events of an entire follow-up period without the need for artificially imposed cutoffs, (2) the combined analysis of multiple patients and procedural characteristics, and (3) the ability to efficiently plot data for increased interpretation of results. For example, Figure 1 represents unadjusted survival stratified by each procedure type (ie, closely follows KM survival estimates). Alternatively, Figure 3 represents survival adjusted for additional important variables (identified in Table 2 ). The advantage of the parametric regression approach is the ability to graph survival while adjusting for multiple covariables. Although the more traditional Cox regression model is able to identify associated risk factors for death, this approach is limited by the inability to graphically represent survival with incorporated risk factors.
The advantage of using a fully parametric model that allows for identification of multiple phases of risk has been well documented. E2 Specifically, the importance as it pertains to our study is related to the timing of maximum hazard for death after stage 1 palliation. It was previously demonstrated that the hazard for death is greatest in the early postoperative period. E3 Subsequently, as time progresses after stage 1 palliation, there is a lower rate of attrition and thus a change in hazard for death. The use of a multiphase approach allows us to define the time at which the hazard begins to change. This offers an advantage when comparing survival among procedures types, in that we are able to specify when the difference in survival occurs between groups (ie, early vs late). Although multivariable analysis is possible with traditional Cox regression analysis, Cox regression assumes that each risk factor is associated with a constant hazard throughout follow-up, which we know is not always the case. An alternative approach would be to stratify groups of interest using the standard KM survival estimates; however, multivariable analyses cannot be conducted via the KM approach and thus cannot adjust for baseline characteristics.
Risk Hazard Analysis
Each parametric hazard function can be subjected to risk hazard analysis. Selected variables extracted from clinical reports are incorporated into this process. To minimize the risk of model overdetermination, continuous variables with excessive missing values (>75%) and categorical or ordinal variables with at least 5 associated events were excluded (unless deemed necessary for analysis). For all other variables, informative imputation (multiple imputation) based on available data was used to replace missing values. Missing values were estimated by 5-fold multiple imputation using Markov chain Monte Carlo. E4 Relevant missing-value indicator variables were created and included in multivariable analyses to adjust for possible bias introduced by missing data. Missing-value indicator variables were entered into final multivariable models. In the current analysis, none of the missing-value indicator variables was found to have a significant P value, and thus each variable remained in the final model. For continuous variables, various mathematic transformations were tested for optimal calibration of the relationship to risk, and the significance of various interaction terms was explored. The multivariable models were solved in a competing end states format for multiple combinations of risk factors to explore the magnitude of effect of these factors and to predict outcomes for patients with given characteristics.
Variable selection was guided by bootstrap bagging (n ¼ 500; threshold for inclusion, P ¼ .10).
E5, * Variables selected in at least $50% of resamples or their clusters were considered reliable for inclusion. A P value < .06 was considered significant for final variable retention. To create the final risk-adjusted model, parametric hazard analysis was performed on bootstrap-proven variables from each of the 5 imputed datasets to yield regression coefficients and their variance-covariance matrices. These 5 sets of estimates were then combined to determine the final regression coefficients and P values. E4 A P value<.05 was considered significant; however, important variables of interest (ie, procedure type and institutional variables) with a P value > .05 were sometimes included to determine the relative impact on survival. The parameter estimate for each variable is related to the hazard function, and the polarity of the estimate (negative or positive) *Many variables that reach statistical significance in clinical regression analyses are poorly reliable, in that they are not statistically significant when tested in other similar datasets. Bootstrap resampling (bagging) tests the ''generalizability'' of a variable to the wider study population by describing both its significance and its reliability. Baseline characteristics, number available, and values for variables after propensity matching for neonates who underwent a stage 1 NW-BT and neonates who underwent a hybrid procedure and for neonates who underwent a stage 1 NW-RVPA and neonates who underwent a hybrid procedure. SD, Standard deviation; NW-BT, Norwood operation with a modified Blalock-Taussig shunt; BSA, body surface area; VSD, ventricular septal defect; ASD, atrial septal defect; LVOT, left ventricular outflow tract; EFE, endocardial fibroelastosis; RV, right ventricle; PA, pulmonary artery; CNS, central nervous system; NW-RVPA, Norwood operation with a right ventricle-to-pulmonary artery conduit; AI, aortic insufficiency. *Designates variables used to generate the propensity scores. Each propensity score was then used to match neonates with similar baseline characteristics from each respective group. yReported values are for right ventricular dysfunction and tricuspid regurgitation. A total of 176 neonates who underwent NW-BT (n ¼ 88) or a stage 1 hybrid procedure (n ¼ 88) were matched with a propensity score generated from 20 variables (c-statistic, 0.76). A total of 162 neonates who underwent NW-RVPA (n ¼ 81) or a stage 1 hybrid procedure (n ¼ 81) were matched with a propensity score generated from 17 variables (c-statistic, 0.77). The c-statistic is a measure of how well the propensity score is able to control for confounders. A score between 0.65 and 0.85 is associated with an adequate match. Center-specific volume and era of operation were risk factors for death. The volume of operations at each center was based on enrolled patients and tested as the total enrolled volume per center, the percentage of each procedure performed at each center (based on enrolled volume), and the absolute number of each procedure performed at each center (based on enrolled volume). Era of operation was entered into the final multivariable model and tested as a continuous variable calculated from the date of operation to the current date at the time of analysis. NW-RVPA, Norwood operation with a right ventricle-to-pulmonary artery conduit; NW-BT, Norwood operation with a modified Blalock-Taussig shunt. *Denotes institutions that were found to have a significant association (either positive or negative) with survival. yAll institutions found to have a significant association with survival were entered into the final multivariable as a risk factor. Therefore, the P value and parameter estimate represent each institution as risk factors in the otherwise parsimonious multivariable model.
